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Of the sensors now on satellites, none has been directly useful 
to chemical oceanography; however, concentrations of any 
chemical species that covary with temperature can be in-
ferred from satellite measurements of temperature. This rela-
tionship is illustrated with satellite IR imagery off central 
California where large-scale changes in physical, chemical, 
and biological properties can occur and are frequently fo-
cused along frontal boundaries of upwelling systems. High 
inverse correlations of temperature with normally noncon-
servative plant nutrients, nitrate and phosphate, are used to 
calibrate satellite IR images as chemical maps yielding stan-
dard deviations of 14 and 7%, respectively. Chemical maps 
with satellite-derived maps of chlorophyll reveal a regional 
relationship between phytoplankton and chemical struc-
ture in the California coastal zone and the importance of 
chemical fronts as sites of chemical exchange and primary 
production. 
SENSORS C U R R E N T L Y O N SATELLITES have little if any conceivable direct 
chemical oceanographic capability (1). However, chemical properties may 
be inferred from the other parameters measured. Improvement of IR sen-
sors on satellites has enabled accurate analysis of sea surface temperature 
and the detection of thermal patterns associated with currents and upwell-
ing at the ocean's surface. Hypothetically, the concentration of any chemi-
cal species that covaries with temperature could be related to satellite mea-
surements of temperature. 
Temperature and plant nutrients (nitrate, phosphate, and silicate) 
were found to be (2-4) inversely correlated in the California Current sys-
tem. Zentarra and Kamykowski (3) found latitudinal relationships along 
the west coast of North and South America that could conceivably supple-
ment remote-sensing data wi th a climatological estimate of the median and 
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range of nutrient concentration (3). According to these authors, the least 
nutrient variability at a temperature may occur in 10° geographic bands at 
35° N and 35° S. These areas are the central regions of the California Cur-
rent and Peru Current "where the water masses are most uniformly distrib-
uted" (3). However, the relationship between temperature and plant nutri-
ents can be even closer in new waters that upwell at the coast (4). Studies 
by Traganza et al . (4-6) between 1978 and 1980 off Point Sur, California 
36° N , 121.5° W) show persistent inverse correlations of nitrate and phos-
phate with temperature in spite of the nonconservative nature of these ele-
ments. These studies show that analytical predictions of nitrate and phos-
phate distributions can be made from satellites in regions of strong 
upwelling, inferred estimates of nitrate and phosphate can be used to map 
the "chemical mesoscale" of a coastal upwelling region, and "chemical 
fronts" are important sites of nutrient exchange and phytoplankton pro-
duction. 
Methods 
The data and procedures described here deal with a June 9-11, 1980 cruise 
(6). Some of these procedures have been superseded. In particular, image 
processing has changed with the development of new algorithms and soft-
ware. This change w i l l be noted; however, in principle the procedures are 
the same. 
C a p t u r e of IR D a t a f r o m Satellites. IR data are broadcast contin-
ually from the National Oceanic and Atmospheric Administration (NOAA) 
satellites and are recorded on a selective basis for later transmission to 
ground stations (7). Satellite data-receiving facilities used in these studies 
along the U . S . west coast include the N O A A field station at Redwood City , 
Cal i fornia ; the Scripps Satellite Oceanographic Facil ity (SSOF) at L a 
Jolla, California; and the N O A A field station in Anchorage, Alaska. IR 
data are available at high ( — 1.1 km) resolution called local area coverage 
( L A C ) when played back, or high picture resolution transmission (HPRT) 
when transmitted in real time. These satellites are in view of a particular 
antenna (horizon to horizon) for about 16 min depending on the altitude. 
Ground coverage "viewed" by the satellite is a swath of about 2000 km (8). 
The television IR observational satellite (TIROS-N) series, which began in 
October 1968, operates in near polar (98° inclination), sun-synchronous 
orbits. The period is about 102 min, which produces 14.2 orbits per day and 
permits two overhead passes per day (night and day) at each ground sta-
tion. Because the number of orbits per day is not an integer, the suborbital 
tracks do not repeat on a daily basis. Successive views of the same area on 
earth are made from different angles, and hence the swaths are somewhat, 
but systematically, displaced on each pass. The local solar time (LST) of 
each pass is essentially unchanged for any latitude (i.e., sun-synchronous). 
Orbital information for each orbit, including orbit number, date, and 
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A major improvement introduced with T I R O S - N was the advanced, 
very high-resolution radiometer ( A V H R R ) . The A V H R R is a cross-track 
scanning radiometer with five spectral channels: 0.55-0.90, 0.725-1.10, 
3.55-3.93, 10.5-11.5, and 11.5-12.5 /xm. The instantaneous field of view 
(IFOV) of each sensor is about 1.4 mrad. This I F O V leads to a resolution at 
the satellite subpoint of —1.1 km (the size of each picture element or pixel 
increases away from the nadir because of the earth's curvature and the inci-
dence angle). The scanning rate is 360 scans/min. A total of 2048 samples 
(pixels) is obtained per channel per earth scan. The analog data from the 
sensors are digitized on board and are transmitted with calibration coeffi-
cients that are used to convert the raw sensor counts into calibrated radi-
ance values. These data are stored by the receiving station on magnetic 
tape. 
After extracting an image such as 512 lines X 512 samples, counts are 
converted into radiance values by applying the calibration coefficients. 
The image is geometrically corrected, and geographic coordinates are as-
signed to each pixel. Radiance values are then converted to temperature by 
inverting the Planck function. To increase the contrast or enhance the im-
age, the temperature range is "stretched" over the available count range, 
0-255 for 8-bit data and 0-1023 for 10-bit data, so that the thermal resolu-
tion i s — 0.5 or 0.2 °C, respectively. The temperature as measured at the 
satellite is corrected to take into account the attenuation and addition of 
thermal radiance by the atmosphere. Thermal IR is absorbed by water va-
por and thus requires a correction of —1-10 °C. Aerosols require a correc-
tion of —0.1-1 °C, and carbon dioxide and ozone require a correction of 
- 0 . 1 °C. W i t h 10-bit data, multichanel algorithms (9, 10) can be used to 
extract sea surface temperature from satellite data to within 0.5 °C of true 
surface temperature. However, the truncated 8-bit data available for this 
study were not precise enough to use these algorithms. Therefore, in situ 
measurements of sea surface temperature gradients were used to derive re-
gional atmospheric corrections. Following M a u l et al. (11), temperature as 
measured at the satellite was corrected to within 1 °G of true surface tem-
perature. 
U n d e r w a y Analys i s of the Sea Surface . A l l in situ measurements are 
made while underway to minimize the problem of comparing data col-
lected almost instantaneously by the satellite with time-integrated data col-
lected by the ship. In the June 1980 study, measurements were made at 9 
knots, but the speed decreased as weather and high seas increased. Ther-
mal calibrations of the satellite images were based on ship data collected 
nearest in time to the satellite overpass. 
Nutrients were measured in a Technicon A A - I I Autoanalyzer every 2 
min on a continuous flow of seawater pumped to the instrument. A 2.54-
cm inside diameter (ID) nylon hose with the intake at 2.5 m was led on 
board to a deck-mounted, air-operated double diaphragm pump (Wilden 
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was used in line between the pump, the Autoanalyzer, and a fluorometer 
(Turner Designs III), which measured fluorescence continuously. Fluores-
cence was calibrated against discrete chlorophyll measurements. Tempera-
ture was sensed by a thermistor located at 2.5 m in the ship's sea chest and 
recorded continuously. Details of these procedures and calibration of satel-
lite visible imagery as "chlorophyll" distribution were reported previously 
(4-6). 
Temperature Algorithm. IR radiation from the ocean originates in 
the "skin" or upper fraction of a millimeter of the sea surface. Some IR 
radiation is absorbed in the atmosphere before it reaches the satellite. Some 
IR radiation is added by thermal emission of the atmosphere along the 
propagation path from the sea surface to the satellite radiometer (Figure 
1). The algorithm for obtaining sea surface temperature from radiance 
measured at the satellite, therefore, must include corrections for "atmo-
spheric transmittance" and "path radiance." In theory, absolute measure-
ments of sea surface "sk in" temperature can be obtained from solutions of 
the radiative-transfer equation, L (T X ) = L0(Ts)T(P0) + L * , where: L (T X ) 
is the radiance of wavelength measured by the satellite radiometer in watts 
per steradian per square meter per micron at temperature T; TX is the tem-
perature obtained by inverting Planck's function for the measured value of 
radiance in Kelvins; L0 (TS) is the total radiance emitted from the surface at 
temperature TS in watts per steradian per square meter per micron; r(p 0) is 
the atmospheric transmittance between the pressure levels 0 (top of the at-
mosphere) and p0 (sea level); and is the path radiance due to the iso-
tropic thermal emission of photons by the atmosphere along the propaga-
tion path from the sea surface to the radiometer in watts per steradian per 
cubic meter. 
To derive the parameters r, the atmospheric transmittance, and L * , 
the path radiance, linear regression analyses were performed on radiances 
from the satellite measurements, L , and radiances derived from shipboard 
measurements of temperature, L 0 , versus elapsed distance, X , along se-
lected parts of the track. These track segments were selected nearest in time 
to the satellite overpass and where temperature gradients were large 
enough to minimize the relative errors due to satellite-measured thermal 
noise and the lower A V H R R temperature resolution of 0.5 °C in the 8-bit 
data from Redwood Ci ty . 
The ratio of the slopes of the regression lines m 1 /m 2 gives the transmit-
tance r . If the sea surface temperature gradient is much larger than the 
moisture gradient, that is, | AL0 \ » | A L * | , then by the radiative-
transfer equation, r = A L / A L 0 , and r = m 1 /m 2 (II). 
The intercept difference in the regression line gives the path radiance 
L * . Radiance at the satellite and sea surface is obtained from the inter-
cepts, LF and L 0 % of the regression lines, for satellite and in situ radiance 
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m 2 X + La'. These values are substituted in the radiative-transfer equation 
to obtain path radiance, that is, = (Lf + rriiX) - (Lnf + m 2 X)mj/m 2 , 
and = L' - rL0'. When both transmittance and path radiance are 
known, sea surface radiances as measured at the satellite are converted 
to sea surface radiances by the radiative-transfer equation. These 
radiances in turn are converted to temperatures through the Planck 
function (6). 
Temperature Maps. The Point Sur upwelling scene was selected 
from the satellite image, magnified, and "stretched" so each radiometric 
count was a difference of —0.5 °C. The scene was reproduced as a digital 
printout of radiometric counts, and a computer program (12) was used to 
locate the cruise track on a line-by-pixel basis. Regression lines were com-
puted for satellite radiance and sea surface radiance versus distance along 
the cruise track. For example, on June 9 these elapsed distances were 4-16 
km, 30-60 km, and 64-83 km (Figure 1). From the slopes and intercepts, r 
and values were computed from the algorithm to yield a mean transmit-
tance of 0.693, a n d a m e a n path radiance of 2.15 W/m 2-Sr-/xm 3 . Satellite 
radiances were corrected to sea surface radiances by using these mean val-
ues in the radiative-transfer equation, and then they were converted to sea 
surface temperature through the Planck function. 
Temperature maps were produced by overlaying each satellite image 
on a navigation chart with a zoom-transfer optical scope. (Algorithms now 
available at SSOF place the coastline and lines of latitude and longitudes 
directly on the image.) Each radiometric count was assigned a color to 
make it possible to easily draw isotherms between pixels at a 0.7 °C temper-
ature interval (the resolution after atmospheric correction). Each isotherm 
temperature was assigned from the average between pixel temperature val-
ues on each side of the isotherm. 
Nutrient Maps. Regression equations (6) for nitrate and phosphate 
against temperature were used to convert the temperature maps to nutrient 
maps. Each isopleth is the average value of the pixel nutrient concentra-
tions on each side. 
Results 
Figures 2 and 3 are IR images of the eastern north Pacific Ocean taken by 
the N O A A - 7 satellite on June 9 and 11, 1980. The development of a cy-
clonic upwelling system is clearly evident off Point Sur, California. This 
system formed in a few days and became a tightly curled cyclonic feature in 
less than 48 h (Figures 2 and 3). These features are typically 50-100 km 
large and persist for 10 days or more. The strong inverse correlation of nu-
trients and temperatures along the cruise track is evident in Figures 4 and 
5. Figure 6 shows a magnified and enhanced view of the cold surface fea-
ture off Point Sur in an early phase in which it was similar in shape to the 
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Figure 2. Upwelling system off Point Sur, California is evident in NOAA-7 
satellite IR image from June 9, 1980. Gray shades represent - 0 . 5 °C 
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Figure 3. Upwelling system with cyclonic appearance is evident in NOAA-7 
satellite IR image from June 11, 1980. Gray shades represent — 0.5 °C 
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Figure 4. Track of the June 9-11, 1980 cruise and outline of upwelling sys-
tem as interpreted from satellite IR image from June 9, 1980. 
48 h the feature became cyclonic (Figure 3) with its equatorward edge over 
the axis of the Sur Canyon. Water of 8.7 °C appeared nearshore (Figure 6, 
Point A ) , moved seaward (while warming) toward the center of the fea-
ture, and was replaced with colder (7.39 °C) water at its original location 
(6). At the same time, nitrate and phosphate concentrations increased from 
18.85 and 2.40 /xM to 26.17 and 2.72 /xM, respectively. Relationships be-
tween nutrients and temperature were obtained from linear regressions 
(Figure 7) and were used to convert temperature maps (Figure 8) to nutri-
ent maps (Figure 9) of the Point Sur upwelling center. 
Biomass was highest (6.25 mg of chlorophyll/m 3) in the frontal transi-
tion zone on the equatorward side (Figure 8), lower on the poleward side, 
and very low (<0.5 mg of chlorophyll/m 3) in low-temperature water in-
side the feature and in the warm (low nutrient) water outside its frontal 
boundary. Dur ing formation, the upwelling system moved faster than the 
ship so that chlorophyll contours do not exactly represent the area (cross 
hatched) in which phytoplankton were concentrated. Satellite information 
showing the actual "b loom" location was provided when a coastal zone 
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Figure 6. First of a two image sequence showing the formation of a cyclonic 
upwelling system off Point Sur, Calif., June 9, 1980. Letters associated with 
gray shades represent average pixel temperatures (pixel = - 1 . 2 km2, the 
resolution of the image), A-K, 8.57-14.92 °C with a resolution of ~0.7 °C. 
(Reproduced with permission from Ref. 6. Copyright 1983, Plenum Press.) 
b y us ing a prev ious ly developed a l g o r i t h m (13). W h e n the I R a n d color 
images are v i e w e d together they strongly suggest a regional re la t ionship 
between the d i s t r i b u t i o n of p h y t o p l a n k t o n a n d the c h e m i c a l structure of 
the centra l C a l i f o r n i a coastal zone. 
Discussion 
T e m p e r a t u r e . T h e close c o r r e l a t i o n b e t w e e n sea surface t e m p e r a t u r e 
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Figure 7. Nitrate vs. temperature with regression line from data collected 
June 9-11,1980. (Reproduced with permission from Ref. 6. Copyright 1983, 
Plenum Press.) 
Figure 1 . O n the basis of this observation, and in the absence of "sk in" (< 1 
mm) temperature measurements, sea surface radiance was calculated from 
2.5-m temperatures and used in the algorithm to correct "satellite tempera-
tures" to sea surface temperatures. This approach worked well in this study 
because the relative distribution of 2.5-m temperatures was correlated 
with the relative distribution of skin temperatures. This conlcusion was 
supported in two ways: (1) the mean difference between surface tempera-
ture measured in samples collected in a bucket and the thermistor at 2.5 m 
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Figure 8. Sea surface temperature maps (°C), inferred from satellite IR im-
ages. Contour interval is one radiometric unit (-0.7 °C). Phytoplankton 
pigments (hatched area) are shown in June 11 figure with a contour interval 
of 0.7 mg/m3. (Reproduced with permission from Ref. 6. Copyright 1983, 
Plenum Press.) 
rected "satel l i te tempera tures" f r o m sections of the cruise t rack not used to 
fo rmu la te the a lgo r i t hm, they y ie lded a s tandard dev ia t ion of 0.5 ° G . 
Th i s agreement is rather good cons ider ing it inc ludes errors due to the 
ocean, the atmosphere, the A V H R R , the satel l i te nav iga t ion procedure , 
the ship's thermis tor , and the ship's nav iga t iona l ab i l i ty . T h e m a i n reasons 
for this agreement are that the area was c loud- f ree, a n d l i t t le advect ion 





































































 Zirino; Mapping Strategies in Chemical Oceanography 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 
19. TRAGANZA Application of Satellites to Chemical Oceanography 389 
Figure 9. Sea surface nitrate maps generated from correlation with sea sur-
face temperature. Contour interval is one radiometric unit (- 0.7°C); iso-
pleths are in micromolar values. (Reproduced with permission from Ref. 6. 
Copyright 1983, Plenum Press). 
merits. W h e n advect ion occurs, i f the satellite overpass is not close i n t ime 
to the ship's measurements , the n a v i g a t i o n a l error between the ship a n d the 
satellite c o u l d easily s w a m p a l l other error . 
Nutrients. W i t h a n error of 0 . 5 ° C (standard deviat ion) i n a t h e r m a l 
m a p a n d b y us ing the n u t r i e n t - t e m p e r a t u r e regression equations, expected 
errors o n the order of 1 .7 a n d 0 . 1 JUM for ni trate (mean = 1 2 /xM), a n d 
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Figure 10. Phytoplankton pigment distribution in gray shades after original 
color-coded ocean color image. (Reproduced with permission from Ref. 6. 
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rors of 14 % for nitrate and 7 % for phosphate. When nutrients and temper-
ature are less well correlated, the overall errors w i l l exceed these values (6). 
The slope and the degree of covariance of nutrients with temperature 
may differ in different upwelling systems or in the same system at different 
times. These differences depend on the initial element concentration in the 
source water, upwelling velocity and depth (a function of wind strength 
and duration), and changes that occur by advection, diffusion, mixing, 
heat transfer, salt transfer, and biological activity. A seasonal variation in 
upwelling and source water occurs because of climatic change over the 
year and the influx of different water masses. The June 1980 data show that 
even with such variability the distribution of nutrients in a strong upwell-
ing system can be inferred from satellites given a minimum set of in situ 
temperature and nutrient values. 
Conclusions 
Although existing coastal upwelling theory is unable to predict upwelling 
distributions or details of upwelling circulation, satellite IR data can be 
used directly and by inference to show the distribution of temperature and 
nutrients in an upwelling region. The upwelling systems in the California 
coastal zone appear to evolve in a sequential series of stages that can be used 
as a convenient classification. 
1. Upwell ing, favorable winds occur. 
2. "Coastal upwelling bands" follow the coastline and local ba-
thymetry. 
3. " C o l d wedges" develop and reflect the local bottom topogra-
phy. 
4. Wedges grow into "plumes" at capes and points. 
5. Plumes develop as "surface jets" extend seaward tens to hun-
dreds of kilometers, "cyclonic upwelling systems," which 
form equatorward and poleward of capes and points by in-
teracting with the California Current (possibly eddies—sub-
marine canyons appear to be an influence) or "anticyclonic 
upwelling systems," which form in a manner similar to cy-
clonic systems. 
As the season progresses a broad band of upwelling develops with many of 
the structures just outlined embedded or extending from its seaward edge. 
Satellites have firmly established that such systems exist (5), and that 
the formation of upwelling systems is an important process in determining 
the distribution and production of primary biomass in the California Cur-
rent system (6). "Nutrient cells" (4) that were apparent in previous data 
from conventional surveys are explained, as are the sharp thermal and 
chemical gradients frequently encountered but not identified as the frontal 
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seen along frontal boundaries, when I R and ocean color images are viewed 
together, are strong evidence that chemical fronts are important sites of 
chemical exchange and primary production. Whether or not a chemical 
exchange occurs at fronts is an important question that extends to a variety 
of fronts in all oceans. Mixing is vigorous at fronts, and instabilities can 
occur. However, mechanisms for nutrient entrainment across the sloping 
pycnocline, which characterizes frontal boundaries, have not been demon-
strated. Chemical front studies (unpublished data) show localized upwell-
ing and downwelling structure in the sloping pycnocline near upwelling 
fronts in association with large chlorophyll concentrations and very high 
phytoplankton-specific growth rates. Sustained upwelling and cross-
frontal mixing could explain the persistence of the nutrient-temperature 
correlation and high primary production observed at these fronts. Experi-
ments are in progress to test this hypothesis by the development and appli-
cation of an atmospherically coupled biophysical model. 
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